INTRODUCTION
Viruses face a formidable challenge: they must invade their hosts, outwit their defense systems, and successfully replicate to ensure their survival. Despite possessing small genomes and few proteins, viruses are equipped with high adaptive capacity to engage with their host to maximize successful viral replication. One mechanism often used by viruses is molecular mimicry, where a virus adopts a host's characteristics to successfully interact with host factors (Elde and Malik, 2009; Gorbalenya, 1992; Shackelton and Holmes, 2004) . It has been suggested, based on a literature survey, that viruses may employ short, unstructured elements, which are called eukaryotic linear motifs (ELMs) , to mediate interactions with their host (Davey et al., 2011) . ELMs appear to function in various regulatory interactions by acting as docking sites for several protein domains (e.g., SH3 and WW domains), as subcellular-targeting signals (e.g., nuclear-localizing signal), and as recognition sites for protease cleavage (e.g., caspase) or for posttranslational modifications (e.g., phosphorylation sites).
These small interaction modules are usually composed of two to eight residues and are often located within disordered regions of proteins (Davey et al., 2012b; Fuxreiter et al., 2007; Teyra et al., 2012) . Disordered regions are polypeptide segments that do not adopt a defined tertiary structure but contribute to various regulatory functions (Babu et al., 2012; Dunker et al., 2008; Dyson and Wright, 2005; Tompa, 2002; Zhang et al., 2013) . Unlike structured domains that are not easy to evolve or need to be acquired from the host's genome (Gorbalenya, 1992) , ELMs can rapidly evolve in viral proteins, which might facilitate the formation of myriad networks of interactions with host proteins.
Literature-based analysis of a limited number of experimentally identified ELMs in viral proteins suggested that these modules participate in many stages of viral replication (see Figures 1A and S1 for examples) (Davey et al., 2011) . Indeed, recent evidence indicated that ELMs can modulate virulence, hosttropism, immune escape mechanisms, disease length, and severity of infection (Boon and Banks, 2013; Das et al., 2010; Igarashi et al., 2008; Lu et al., 2012; Pantua et al., 2013; Sun et al., 2011) . Evolutionary conservation of ELMs among orthologs of viral proteins might further support their importance in mediating specific interactions of many viruses in the same family. For instance, a host Ser/Thr kinase phosphorylates a conserved ELM within several flaviviruses RNA polymerases, thereby this motif presumably plays a conserved role in the flavivirus' life cycle (Reed et al., 1998) . On the other hand, the simplicity of ELMs may allow them a greater evolutionary plasticity so that their rapid loss and gain can support a quick rewiring of virus interactions with the host. This is observed, for example, in the binding of several different picornavirus capsid proteins to the integrin receptors using the RGD motif, where this motif was lost and gained several times in the course of picornavirus evolution (Jackson et al., 2003) .
Despite their potential importance in mediating host-virus interactions, the set of studied ELMs is limited and is mostly biased toward a few viruses. A major challenge of studying ELMs stems precisely from their low complexity. Indeed, ELM patterns can be often found in viral proteins; however, it has been difficult to discriminate between ELM-like sequences that appear by chance from those that truly represent functional ELMs. Moreover, it is possible that viral proteins contain a higher fraction of nonfunctional ELMs because cellular proteins are under tighter regulation and are selected to avoid nonfunctional ELMs (Landry et al., 2009) . Here, we overcome this obstacle by employing a simple metric that (1) assesses the probability of each ELM occurring serendipitously in a random disordered sequence and (2) compares this assessment in eukaryotic and prokaryotic viruses; the latter serving as a negative control because ELMs are predominant in eukaryotes, and their occurrence in prokaryotic viruses is assumed to be due to chance. Our analysis allows us to identify potentially functional ELMs in a comprehensive set of viruses. We use this data set of ELMs to examine their occurrence in various virus families and to study ELM co-occurrence. Our observations suggest that viruses may use ELMs in a combinatorial manner to mediate their interactions with host cell networks. Importantly, ELMs might be simple means to promote robust and evolvable interactions with host pathways and may explain how viruses achieve rapid adaptation to changing environments.
RESULTS

Patterns that Match ELMs Are Prevalent in Viral Sequences
To study ELMs in viral proteins, we composed a data set of 2,208 nonredundant viruses, representing all orders and most known viral families (see Table S1 and Experimental Procedures). The data set contains 536 prokaryotic viruses and 1,672 eukaryotic viruses, of which 787 are animal viruses, 816 are plant viruses, and 69 are other eukaryotic viruses ( Figure 1B) . We then scanned the predicted disordered regions in the 74,288 viral proteins to identify regions that match 173 previously described ELM patterns (Dinkel et al., 2012) (Table S3 ; Experimental Procedures).
We found that the total number of occurrences of each ELMmatching region (hereafter referred to as ELMs) in viral proteins significantly correlates with its sequence complexity, as calculated by the composition of its matching regular expression: ELMs with low information content tend to be common, whereas complex ELMs are rare ( Figure 1C) . Furthermore, the total number of ELMs that occurs in each virus is directly related to the total length of its disordered regions. Interestingly, we observed that the number of ELMs per disordered unit is higher in eukaryotic viruses than in prokaryotic viruses and that each of these sets has its own linear fit ( Figure 1D ). Thus, it appears that ELM-like patterns occur in a manner that correlates with the proportion of protein disorder and with ELM complexity. These characteristics confound the identification of additional, functional ELMs, given the potential for high proportions of ELM patterns that occur by chance. However, we hypothesized that the larger proportion of ELMs in eukaryotic viruses in comparison with prokaryotic viruses, as a negative control (Figure 1D) , may serve as a basis to identify ELMs that are likely to be functional. (D) Correlations between disorder content (the total number of disordered residues in a virus) and the total number of ELM occurrences in that virus in eukaryotic (blue; y = 2 3 10 6 3 +78; r 2 = 0.94) and prokaryotic viruses (red; y = 2 3 10 6 3 +147; r 2 = 0.93).
An Approach to Identify Potentially Functional ELMs
We next assessed the likelihood of each instance of ELM to occur by chance in prokaryotic and eukaryotic viruses. To this end, we shuffled the content of the disordered regions of each of the original viral proteins to create a large set of ''shuffled'' viral proteins. For each virus, we created two sets-each containing 100,000 randomly shuffled viral proteins-using two independent shuffling methods: (1) where the residues are shuffled within disordered regions of proteins belonging to the same virus, and (2) where the residues are shuffled between all viral proteins (see Figure S2 and Experimental Procedures). Our premise is that regions matching known ELMs that are more rare in randomly shuffled sequences are more likely to represent truly functional ELMs. (We note that with this method, we cannot provide predictions regarding instances of ELMs with low complexity that only occur a few times in the natural sequences.) We then ranked the observed ELMs based on their likelihood of occurrence in the shuffled set (obtaining an ''expected value''; see Figure S2 and Experimental Procedures). For each of the 173 different ELM types that occur in each natural viral protein, we determined its frequency of occurrence in the shuffled sets. It should be noted that this frequency is affected by a complex combination of factors, including the number of occurrences in the natural sequence, ELM complexity, and sequence composition. The complete list of putative ELMs in all the proteins identified in this study along with all their data and analysis can be found at http://misc.hpse. ucsf.edu/$tzachi.hagai/viral_elms/. We next compared how many of the ELMs that appear in the natural viral sequences occur in shuffled sequences in prokaryotic and eukaryotic viruses. Interestingly, we observed that the fraction of ELMs that are less prevalent in shuffled sequences is significantly higher in eukaryotic viruses when compared with prokaryotic viruses. This trend is stronger in animal viruses and weaker in plant viruses (Figures 2A and S3 ; Table S4 ). As an example, we show the percentage of ELMs that occur in fewer than 100 of 100,000 shuffled sequences (0.1% of the total shuffled sequences) (Figure 2A ). Only 1.1% of the ELMs observed in prokaryotic viruses occur in less than 0.1% of the shuffled sequences, in comparison with 3.2% in eukaryotic viruses and 3.6% in animal viruses. This represents a highly significant enrichment (p < 10 À15 , Fisher's exact test). This trend remains consistent when we compare ELMs that occur in less than 10 of 100,000 shuffled sequences (0.01% of the total shuffled sequences), when we use only a subset of the viruses, or when we compare specific types of ELMs or a separate set of 117 ''putative'' ELMs ( Figure S3 ; Experimental Procedures) (Davey et al., 2012a) . Furthermore, the enrichment we observe is independent of the shuffling method ( Figure S3 ).
Inferred Functional ELMs Are Enriched in Experimentally Validated ELMs
The fact that eukaryotic viruses (especially animal viruses) contain higher fractions of ELMs that are less prevalent in shuffled sequences (in comparison with prokaryotic viruses) suggests that the set of ELMs identified by our approach as rare in shuffled sequences is likely to be enriched in functional ELMs. We therefore investigated the set of ELMs in eukaryotic viruses that occur in less than 0.1% of the shuffled sequences and further analyzed it in comparison with the rest of the ELMs. Indeed, many of the ELMs identified by our unbiased approach were previously reported as functional motifs in viral proteins. This includes the motif that mediates the binding of EpsteinBarr virus (EBV) LMP2 protein to host E3 ligase, to promote the degradation of several host kinases (shown in Figure 1A ). We found a significant enrichment of ELMs that we identified to be potentially functional in a set of 42 experimentally validated functional viral ELMs (Dinkel et al., 2012 ) (a 6-fold enrichment with respect to their occurrence in the rest of the ELM data set; 19% overlap; p = 6.5 3 10 À6 , Fisher's exact test; Figure S4 ).
This observation supports the notion that the set we identified is indeed enriched with functional ELMs. 
. Occurrence of ELMs that Are Rare in Shuffled Sequences
(A) The percentage of ELMs that occur in less than 0.1% of the 100,000 shuffled sequences in prokaryotic (red), eukaryotic (dark blue), animal (cyan), and plant (green) viruses. Eukaryotic viruses have significantly higher fractions of ELMs that are hard to achieve by random shuffling.
(B) The distribution of ELMs in eukaryotic viruses (as a function of complexity). The entire set of ELM-matching patterns (before shuffling, in purple) and the subset of ELMs that occur in less than 0.1% of the 100,000 shuffled sequences (in blue) are shown.
(C) The percentage of ELMs that occur in less than 0.1% of the shuffled sequences in two viral families and two species (three strains of EBV and six strains of HCV).
Family and Species Level Analysis Reveals Enormous Heterogeneity of ELM Usage among Eukaryotic Viruses
Although some viruses contain proteins with many ELMs, others appear to have only a few ELMs. For instance, many doublestranded DNA (dsDNA) virus families, such as Papillomaviridae, Adenoviridae, and Herpesviridae, which are all known to use ELMs to mediate numerous interactions with their host, have been identified in our analysis to be relatively rich with ELMs (see Table S5 for a complete list of the 21 viral families enriched with ELMs). Surprisingly, other families such as the singlestranded RNA (ssRNA) viruses Picornaviridae have small fractions of disordered regions, and their proteins seem to contain relatively few ELMs. A recent analysis, based on a smaller set of 267 viral proteins with known interactions with host proteins, suggested that viral proteins tend to contain higher numbers of ELMs in comparison with their cellular proteins (Garamszegi et al., 2013) . Interestingly, most of the proteins in that study belong to viral families found to be enriched with ELMs in our analysis (e.g., the three dsDNA virus families mentioned above). Our analysis further suggests that various viruses greatly differ in the use of ELMs to mediate interactions with their host. In addition, even within specific virus families, individual members contain different proportions of ELMs in their proteins. For example, hepatitis C virus (HCV) is enriched with ELMs not only in comparison to other flaviviruses (which tend to have few ELMs) but also relative to animal viruses in general (Figure 2C ). The variation in ELM content between viruses could be related to several factors, such as virus life cycle and length of infection. For example, some persistent viruses might require a more precise regulation of cellular pathways to ensure that the cell remains functional throughout their longer infection time. Thus, they might need to carefully regulate the expression of disordered regions that might be harmful to the cell (Babu et al., 2011; Vavouri et al., 2009 ). Other factors include genome size and architecture, e.g., overlapping genes often contain disordered regions (Rancurel et al., 2009 ) that might carry out their functions primarily through ELMs (Carter et al., 2013) .
Inferred Functional ELMs Occur in a Broad Spectrum of Functional Classes of Proteins and Are Enriched in Specific Functional Groups
Unlike structured domains, which are often specific to certain functional classes of proteins, a given ELM can be found in functionally diverse viral proteins. Conversely, ELMs can differ in their types and numbers among viral proteins that share similar functions. To examine whether specific groups of proteins are enriched or depleted of ELMs, we composed 30 sets of eukaryotic viral proteins with similar function, viral infection stage, or subcellular location (Tables 1 and S6 ). Interestingly, the group that is most highly enriched with ELMs and disorder is the group of phosphoproteins, which is in agreement with our findings that many phosphosites tend to co-occur with other motifs (see sections on ELM co-occurrence below). The group that is significantly depleted of ELMs includes proteins that act as host The distribution of the fractions of functional ELMs and the fractions of disordered regions for each group was compared with that of the entire eukaryotic viral set. p values imply enrichment in ELMs and disorder with respect to the entire viral set except for cases marked with an ''a'' that denote significant depletion. NS, not significant (depletion or enrichment).
domain mimics that were likely transferred from host genomes through horizontal gene transfer (HGT). Other groups of viral proteins that modulate host pathways, such as virulence proteins, tend to be depleted of ELMs, but not in such a strong manner. In addition, viral proteins that function in different subcellular compartments tend to differ in their ELM content-nuclear viral proteins tend to be relatively enriched with ELMs, whereas endoplasmic reticulum and mitochondrial proteins do not significantly differ from the entire viral set. We summarize the results in Tables 1 and S6 and note that several groups are heterogeneous in their ELM and disorder composition. For example, some proteins that are involved in DNA replication have very high fractions of disorder, whereas other proteins from the same functional group have very few disordered segments. This exemplifies how functionally similar viral proteins can use a diversity of molecular mechanisms to mediate their interactions.
Inferred Functional ELMs Are Evolutionarily More Conserved among Viral Orthologs
We next examined the evolutionary conservation of viral ELMs. In general, we expect that functional ELMs should be more conserved than nonfunctional ELMs. We thus compared the conservation of the set of potentially functional ELMs we identified with the rest of the ELMs. We determined the conservation of each of the ELMs by calculating the fraction of occurrence in orthologs from the same genus or the same family ( Figure S5 ; Experimental Procedures). We observed that the selected subset of ELMs (that are rare in shuffled sequences) is indeed significantly more conserved than the rest of the ELMs in both the genus-based and the family-based levels (p = 2.2 3 10 À55 and p = 1.2 3 10 À49 ; sign test). Consistent with these results, we also observed the inferred functional ELMs in the six strains of HCV to be more conserved in an independent set of variant HCV sequences (Experimental Procedures). These results provide additional evidence that the selected ELMs (that are rare in shuffled sequences) are likely to represent functional viral motifs and that the use of evolutionary conservation offers an orthogonal approach to identify truly functional ELMs.
The Presence of ELMs in Viral Genomes Might Permit Rapid Adaptation during Evolution
We note that conservation of ELMs in a given instance does not necessarily mean an exact conservation of residues in the same region. In orthologs, ELMs can occur in different regions of the protein (Hagai et al., 2012; Nguyen Ba and Moses, 2010) , appear in different numbers, and change their primary sequence patterns, while still maintaining functionality, as observed, for example, in ELMs that mediate interactions with the endosomal sorting complexes required for transport (ESCRT) machinery in various retroviruses (Martin-Serrano and Neil, 2011) . Thus, in comparison to structured domains or to catalytic sites in enzymes, ELMs seem to tolerate changes in location and mutations better, in addition to their capacity to evolve rapidly. To investigate this, we modeled a population of all possible single-point mutations of the HIV-1 genome. It is believed that this large spectrum of mutants is created every 24 hr in vivo upon infection (Coffin, 1995) . We then examined how nonsynonymous mutations in disordered regions in this viral population affect the distribution of ELMs in comparison with their occurrence in the wild-type HIV-1 genome (Figure 3 ). Almost half of the mutants in the viral population had the same distribution of ELMs, despite the fact that $40% of them occurred within ELM segments (Figure 3, top) . Of the other half of mutants, i.e., those that differ in their ELM distributions, a significant part had either increased the number of existing ELMs or evolved new types of ELMs with respect to the wild-type (Figure 3 , bottom circles, purple and pink fractions, respectively). Many viruses have high mutation rates that are thought to be central to adaptation to dynamic environments and survival (Domingo et al., 2012; Lauring and Andino, 2010) . In this scenario, as suggested by our simple simulation, ELMs can act as functional modules that are robust in the face of mutations yet allow fine-tuning of the host-virus interactions and viral adaptation to changing environments by their ability to rapidly evolve.
The Evolutionary Origins of Viral ELMs: Horizontal Transfer from Host Genes and Convergent Evolution Mimics in various pathogens can either be acquired from the host genome through HGT or evolve independently in a convergent manner. In structured domain mimicry, it is generally assumed that domains that are found in pathogen proteins and have high sequence similarity in a large portion of the domain are likely to have been acquired by HGT, whereas mimics of short structural segments (such as repeats) or mimics with small sequence similarity or lack of structural similarity are likely to have arisen in a convergent manner (Doxey and McConkey, 2013; Elde and Malik, 2009 ) ( Figure 4A ). Because ELMs are short and easy to evolve, it was suggested that they belong to the latter category (Davey et al., 2011) . Indeed, some ELM instances undoubtedly evolved convergently; for example, the RDG motif that mediates interactions with integrin receptors has evolved independently several times in capsid proteins of distantly related picornaviruses ( Figure 4B ). However, instances where ELMs were transferred from host genes and maintained during the pathogen's evolution are also known. For example, in the baculovirus p78/83 protein, the occurrence of the actin-binding WH2 motif, which is a fairly complex and long motif, is likely to be a result of HGT because the motif and the regions surrounding it are relatively similar to the host Wiskott-Aldrich syndrome protein (WASP), from which these regions are thought to originate (Machesky et al., 2001 ) ( Figure 4B ). However, the latter example of ELM acquisition from host genome is likely to be rare and limited to mostly long and complex motifs.
ELMs Have Predominantly Emerged in Viral Proteins by Convergent Evolution
To investigate the evolutionary origins of viral ELMs in a quantitative manner and their likelihood of originating from host genes, we chose to focus on a set of viral genes that were identified to be a result of HGT and to examine their disordered regions and ELM composition in comparison with that of the host homologous proteins. For this, we extracted 135 nonredundant animal viral proteins and their inferred homologs in human and mouse from the PhEVER database (Palmeira et al., 2011) , which is a comprehensive database that clusters host and viral homologous genes, based on significant sequence similarity. Thus, we created 135 groups of proteins, where each group contains a viral protein with its best-matching human and mouse homologs (see Experimental Procedures). We compared the level of similarity in ordered and disordered regions between human and virus and between human and mouse protein pairs. As expected, human proteins are more similar to their mouse homologs than they are to their corresponding virus homologs. In addition, in both human-mouse and human-virus pairs, the similarity in ordered regions is higher than in disordered regions ( Figure 4C ). Importantly, whereas in both human-mouse and in human-virus pairs the disordered regions tend to evolve rapidly, the disordered regions in human-virus pairs have diverged significantly faster than what would be expected based on the divergence in human-virus ordered regions, and in comparison to humanmouse divergence (p = 8.1 3 10 À13 , sign test; see Experimental Procedures). Thus, we infer that after acquisition by pathogens, disordered regions tend to evolve fast-even faster than what would be expected-and it is likely that ELMs that were transferred as part of these disordered regions were later likely lost. Consequently, most ELMs that appear in extant viral proteins are the product of convergent evolution. To further verify this possibility, we examined the mutual occurrence of ELMs in the 135 human-virus protein pairs. In each pair, we checked how many ELMs of the same type occurred in both the human and the virus homologs. Out of the 1,325 ELMs that occur in these viral proteins, there were 333 cases that the same type of ELM appeared in the human homolog as well. These co-occurrence events might be a result of HGT, or they can present unrelated events of ELM emergence in virus and host proteins. These scenarios can be discerned by checking if there is a significant enrichment of ELM co-occurrence in these 135 pairs, above what would be expected by ELM propensity occurring by chance in disordered regions of the entire proteome (i.e., the HGT scenario is more likely if there is a significant enrichment of ELM co-occurrence). We thus tested for the likelihood of these co-occurrence events happening by chance by comparing the observed co-occurrence frequencies with frequencies resulting from 10,000 random shufflings of ELM occurrences in the entire proteome (see Experimental Procedures). We observed that no ELM type had a co-occurrence level significantly higher than expected by chance, suggesting that most of the ELMs that appear in both human and virus could co-occur based on their propensity to occur in disordered regions; these ELMs are simple enough to rapidly evolve independently in each of the protein's pair. Thus, we conclude that at least in this set, most ELMs that appear in viral proteins are likely to be a result of convergent evolution and that cases of ELM acquisition by HGT that survive rapid viral evolution are likely to be relatively limited.
Specific Types of ELM Pairs Tend to Occur in Unrelated Viral Proteins
We next searched for instances of two different types of ELMs in the same viral protein. For example, we wanted to determine if a WW domain-binding motif and a phosphorylation site are likely to be present in the same protein so that their functionality might be affected by their co-occurrence. In addition, the functionality of certain ELMs can be supported by the presence of other ELMs, even if they are separated in sequence, because they can be brought together in the 3D space or might cooperatively assist the binding of another ELM. Although many viral proteins are depleted of ELMs (as discussed above and as shown in Figure S6) , some viral proteins tend to contain numerous types of ELMs within their disordered regions. We searched for cases of ELMs that tend to co-occur in the same protein in a nonredundant set of viral proteins (see Experimental Procedures). Because we have a total of 173 types of ELMs in our data set, there are $15,000 ELM pairs that could theoretically occur. We compared the co-occurrence of ELMs in the viral protein set to 10,000 equivalent sets where we randomly shuffled the occurrences of the ELMs between the proteins (see Experimental Procedures). This comparison yielded 242 pairs of ELMs that occur significantly (p < 0.05; p values were corrected using the Benjamini-Hochberg method) ( Table S2C) .
Regulation of Host-Virus Interactions by a Host-like ELM Switch Strategy
Recently, it was suggested that the occurrence of ELMs in proximity to one another might act as a switch, whereby one ELM can act as a modulator of another ELM (by activating, blocking, or modifying its functionality), as observed in a number of domain-interacting motifs that are localized next to phosphorylation sites (Akiva et al., 2012; Van Roey et al., 2012) . Only a few examples of ELM switches are known in viruses, including a complex module that supports cell transformation in the papillomavirus E6 (Boon and Banks, 2013; Pim et al., 2012) . We used our data set to examine the occurrence of ELM switches in viral proteins by comparing the 242 co-occurring ELMs in viral proteins (which we found above) to an experimentally validated set of ELM pairs that act as regulatory switches in eukaryotes (Van Roey et al., 2013) (Table S2C) . Interestingly, out of the 68 switches that appear in this eukaryotic database, 17 overlap with ELM pairs in the viral set; a significant overlap when considering the possible $15,000 pairs (p = 3.3 3 10 À16 , Fisher's exact test). Furthermore, both host and viral ELM pair sets are enriched with phosphorylation sites, much more than would be expected by their relative numbers in the ELM set. The significant overlap between ELM co-occurrence in viruses and their host, as well as the enrichment in phosphosites, which are known to modulate ELM's activity, suggests that viruses have extensively adopted mechanisms used by eukaryotes to tightly control important regulatory proteins. Viruses are likely to use these regulatory modules to coordinate complex and numerous interactions to achieve a successful and timely infection. In addition to ELM switches that are known to occur in their hosts, we identified a number of additional putative switches that have not yet been characterized in eukaryotes in our set of 242 ELM pairs. For example, we identified pairs of different subcellular localization signals that might target the same protein to different subcellular compartments in a controlled manner; this mechanism was shown to spatially regulate HIV-1 Rev (Henderson and Percipalle, 1997) . We also identified cleavage sites in proximity to other ELMs, which might enable processing of viral proteins to further regulate their functions (see Table S2C for details). These observations suggest that the presence of multiple ELMs within a protein may act as a regulatory switch to modulate host-virusspecific interactions.
Co-occurring ELMs Evolved Independently in Different Viral Proteins
Finally, we were interested in seeing if instances of co-occurring ELMs tend to cluster in the same viral family or if they tend to occur in various unrelated families. We found that in almost all cases, ELM pairs occur in different families and almost always in at least one dsDNA viral family; see Figure 5A for the occurrence in different viral families of the 17 ELM switches, which are experimentally known to occur in hosts. These results suggest that ELM co-occurring pairs have evolved independently in various viral groups as a general mechanism that might support coordinated multiple interactions with their host.
DISCUSSION
Recent large-scale analyses revealed an extensive and complex set of interactions between viruses and their host proteins (Ideker and Krogan, 2012) . Given the fact that viral proteins are often shorter and contain less-structured domains than host proteins ( Figures S6A and S6B) , it is intriguing how viruses establish such an extensive and fine-tuned network of interactions. Our analysis indicates that many viral proteins exploit the modular and simple architecture of ELMs to mediate these interactions. For example, we identified five different types of ELMs within the Epstein-Barr nuclear antigen-2 (EBNA-2) protein that can support its interactions with several known host factors (Figure 5B ) (Calderwood et al., 2007) . Our analysis is consistent with the idea that viruses have evolved ELM-mediated interactions because these motifs often enable transient interactions with cellular hubs, which are often targets of viral proteins (Dyer et al., 2008; Franzosa and Xia, 2011) . In addition, the occurrence of ELMs within disordered regions allows for the rapid emergence of new interactions in response to different environmental challenges.
Although the use of ELMs may be very common for certain viruses (Garamszegi et al., 2013) , our analysis also indicates that a large fraction of viruses carry few recognizable ELMs (Figure S6D) . This is consistent with the fact that the fraction of disordered regions in virus proteins is not uniform (Goh et al., 2009; Ortiz et al., 2013; Pushker et al., 2013; Xue et al., 2012) , which may restrict the number of ELMs that can be located in a given protein. However, our analysis likely underestimates the number of functional ELMs in viral proteins, given that the current list of annotated ELMs is probably incomplete, and our conservative computational approach may remove authentic functional ELMs. In addition to ELMs, viruses employ additional mechanisms, such as more complex forms of mimicry, to engage with their host during infection because some interactions must be mediated by structured domains (Drayman et al., 2013; Handa et al., 2013) . Recent studies have developed various approaches to identify functional domain mimics in various pathogens, such as by comparing host proteins with pathogenic and nonpathogenic bacteria (Doxey and McConkey, 2013) or by contrasting similarity scores of host proteins and specific viral families with scores of host proteins with other viral families (Odom et al., 2009 ). In addition, structural similarities between viral proteins and host ligands have recently assisted in recognizing host receptors utilized by pathogens (Drayman et al., 2013) . Our approach, which tackles the difficulty of inferring the likelihood of ELM-matching sequences being functional mimicries, thus complements these studies by focusing on motif mimicry.
One feature of ELMs in mediating host-virus interactions is their ability to tolerate mutations (Figure 3 ). In addition, ELMs can evolve quickly to rewire the host-virus interaction network. Robustness and evolvability are observed for example in the PPxY motif that mediates interactions of EBV type-1 LMP2 protein with host E3 ligases ( Figure 1A ). This motif is conserved in LMP2 orthologs of the two additional strains of EBV in our data set despite significant sequence divergence, but not in the distantly related Kaposi's sarcoma-associated herpesvirus blue indicates dsDNA, red is ssDNA, green is RT (reverse-transcribing viruses), yellow is +ssRNA, pink is ÀssRNA, and dark brown is dsRNA. Each of these 17 pairs occurs in several viral families as well as in their host, suggesting convergent evolution in using ELM switches by unrelated viruses and to similarity to their host; the names of the two ELMs that compose the switch are marked in the x axis in blue and red in the bottom. (B) EBNA-2 ELMs and their known or suggested interactions with host proteins are indicated with a solid or dashed arrow, respectively; structures of the host's interacting domains appear in matching colors. We associated identified ELMs in EBNA-2 with domains of host proteins that are known to interact with this viral protein according to a two-hybrid screening by Calderwood et al. (2007) . In each case, the link was made based on the ELM type and the occurrence of a relevant domain in the host-interacting proteins (e.g., an SH3-binding motif in EBNA-2 was linked to the host endophilin-B1, which contains an SH3 domain).
(KSHV) K15 protein. This might indicate that this interaction is not conserved across distant orthologs in the Gammaherpesvirinae subfamily. This observation is reminiscent of differences observed between EBV and KSHV in their use of other types of ELMs and the interactions they mediate (Tsai et al., 2009) .
Notably, we observed that specific ELM pairs are significantly enriched in certain viral proteins. This observation suggests that viral ELMs, like host ELMs, might coexist in the same protein to form regulatory modules that achieve tight regulation. The extensive occurrence of these modules in many viruses within the same family as well as in different families demonstrates the adeptness of these modules in host subversion. Many ELM modules uncovered here are targets for posttranslational modification, such as phosphorylation or cleavage, suggesting that these modules might assist in temporal regulation of viral proteins. Similarly, the presence of subcellular localization signals in these modules argues that their activity is spatially regulated to assist in their multifunctionality.
Our analysis sheds light on ELM utilization in a large and unbiased set of viruses. As host-virus networks of additional viruses are elucidated, it will be possible to comprehensively assess the contribution of ELMs in shaping the interaction network with the host and the rewiring of these networks in closely related species. Future investigations of ELM involvement in host tropism, virus speciation, and virulence might contribute to a better understanding of biomedically important viruses and to assist in developing ways to overcome them.
EXPERIMENTAL PROCEDURES
We composed a set of 2,208 nonredundant viruses from 108 viral clades using available viral entries from the National Center for Biotechnology Information Viral Genomes Resource (ftp://ftp.ncbi.nlm.nih.gov/genomes/Viruses/) and excluded viruses that had missing data or were too similar (Tables S1A and S1B). We predicted disorder values of protein sequences using the IUPred algorithm (Dosztá nyi et al., 2005) and scanned disordered regions for sequences matching 173 known types of ELMs (Dinkel et al., 2012) and 117 ''putative'' motifs with as yet undiscovered functions (Davey et al., 2012a) (Table S2) .
We created two large sets, each with 100,000 shuffled viruses, by randomly shuffling the content of disordered regions either within the same virus or between all the disordered regions of all 2,208 viruses ( Figure S2 ). The shuffled sets allow us to compare the occurrence of ELMs in the original virus to their numbers in the 100,000 shuffled sequences, thereby assessing the likelihood of each ELM observed in the original viruses to occur by chance. We hypothesize that an ELM that occurs in the original virus but occurs very rarely in the shuffled set is likely to be functional, whereas we cannot infer the functionality of ELMs that occur frequently in shuffled sequences.
We compared the fractions of ELMs that occur rarely in shuffled sequences in prokaryotic, eukaryotic, animal, and plant viruses (Figures 2 and S3) . We studied the enrichment of rarely shuffled ELMs in a small set of experimentally known ELMs in viruses (Dinkel et al., 2012) . We analyzed the relative conservation of ELMs that occur rarely in shuffled sequences in comparison with other ELMs in the set (ELMs that occur more frequently in shuffled sequences) by comparing the fraction of occurrence of each ELM instance in orthologous proteins of viruses belonging to the same genus or to the same family, where a higher fraction of occurrence indicates a higher conservation ( Figure S5 ). In addition, to examine whether our results hold outside our data set, we repeated the above analysis using extracted sequences of variants of HCV from the Los Alamos HCV database (http://www.hcv.lanl.gov).
For functional enrichment analysis, we composed sets of eukaryotic viral proteins based on keyword annotations in UniProt (http://www.uniprot.org/).
The distributions of fractions of inferred functional ELMs and fractions of disordered regions of these sets were compared to the distributions of the entire eukaryotic viral set using a one-sided Kolmogorov-Smirnov test.
We examined the putative evolutionary origins of viral ELMs from host genes using a nonredundant set of 135 viral proteins that have significantly similar homologs in human and mouse genomes from the PhEVER database (Palmeira et al., 2011) . We compared the similarity levels of ordered and disordered regions in human-mouse and human-virus pairs by estimating the fraction of similar residues in each pair based on BLAST analysis (Altschul et al., 1997) and by comparing the similarity scores in ordered and disordered regions in human-mouse pair with the corresponding human-virus pair. The significance of ELM co-occurrence in human and virus homologs was tested by comparing the frequency of each observed ELM co-occurrence with cooccurrence frequencies resulting from a set of 10,000 human-virus protein pairs in which the ELM occurrences were randomly shuffled.
We analyzed the biophysical characteristics and number of ELMs in a set of nonredundant animal viral proteins and compared them to a set of nonredundant human proteins ( Figure S6 ). ELM co-occurrence analysis was done by comparing the occurrence of each pair of ELMs (2 different types of the 173 ELMs) in the nonredundant viral set to 10,000 equivalent sets in which the occurrences of the ELMs were randomly shuffled between the proteins. The resulting significantly occurring 242 pairs were compared to a set of 68 experimentally known functional ELM switches that occur in eukaryotes (Van Roey et al., 2013) (Table S2C ).
All the details of the proteins and the viruses we used and the analyses performed are available publicly through our website: http://misc.hpse.ucsf. edu/$tzachi.hagai/viral_elms/. See the Supplemental Experimental Procedures for additional details.
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